In this letter, large band gap properties of a two-dimensional stop band gap system composed of steel tubes are reported, which are embedded with periodic narrow slits in each half of the annular tube. The band gap with finite thickness samples is experimentally investigated and theoretically calculated. The results show that without enlarging the lattice constant, the starting frequency of the band gap is reduced, and using the periodic narrow slits with multiwidth can enlarge the stop band of this system due to the multicavity resonance.
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There has been growing interest in the study of the large band gap of phononic band gap structure especially in the engineering application. Generally, wave interference phenomena are responsible for a total reflection regime in the band gap, and the transmitted wave amplitude decreases exponentially inside the crystal. [1] [2] [3] [4] [5] Also, most of the previous studies in this field focused on theoretical questions such as gap widening or the reduction in the scatter-filling fraction in the unit cell. 4, 6 In the phononic crystals, some authors demonstrated that the material properties of each component ͑mass density, wave velocities, or elastic moduli͒ and lattice structure greatly influence the elastic wave band gaps. Later, Anderson and Giapis 7 added another rod at the center of each unit cell of square and honeycomb lattices and obtained larger gaps. Wang et al. 8 rotated the noncircular rods to carry out the symmetry reducing and obtained a progressive widening of the gap. Nojima and Mizoi 9 carefully adjusted the relative configurations of the two different atoms in the unit cell and found that the photonic band gaps between any bands could be tuned by choosing the appropriate position. Moreover, Sala et al. 3 provided a so-called locally resonant sonic materials exhibiting band of several hundred hertz to some kilohertz.
The hallmark of a phononic crystal is its capacity to create band gaps usually at Bragg frequencies or wavelengths commensurate to its lattice constant, hence preventing acoustic waves with certain frequencies traveling through the crystal at least in certain crystallographic directions. By changing the lattice constant, the width of the band gap can be tuned greatly. 2, 10, 11 However, in many applications in acoustics, especially for aircraft acoustical linings, the low-frequency audible range 12 ͑about 800 Hz to 10 kHz͒ is of great importance for the human quality of life and it is not suitable to be large scale and heavy. Therefore, we present a band gap structure without enlarging the lattice constant, which is composed of an arrangement of steel tubes in an air background within which the periodic narrow slits are embedded in each half of the annular tube. Its stop band results from not only the traditional mechanism but the sound absorption of resonance. In this letter, the transmission coefficient of the band gap system is calculated with finite element method. The calculated results are verified by the experimental results.
Experimental measurements are performed on a system consisting of annular steel tubes 540 mm high on a square lattice of 33 mm constant, which has a cross section with external diameter 31 and 3 mm in thickness. The computed and experimental results are shown in Fig. 1͑a͒ , in which the slits are arranged in the order W / D = 0.75, 0.5, 0.25 with two layers each, where W and D are the slit width and the distance between the adjacent slits, respectively. In contrast to the band structure of circular tubes, the cut-on frequency of structure consisted of multiwidth slit tubes is low due to the appearance ͑or design͒ of the multicavity resonance. The discrepancy between measurements and theoretical predictions may be attributed to the divergence of the emitted acoustic signal, i.e., the fact that the input experimental signal is not a plane wave but is composed of a set of wave vectors inside a cone around the incident direction. At the starting frequency, the discrepancy may result from the fact that the sound source mainly possesses best frequency response characteristic over 2 kHz. At the edges of the band gap, the transmission amplitudes are not completely coincident due to the loudspeaker being in the open background. In spite of the above-mentioned discrepancies, the two results show good agreements.
The evanescent character of the sound waves inside a gap should lead to a strong attenuation. Inside the band gap of the computed value, some peaks arise in spite of having small transmission. This interesting phenomenon is due to the linear increase in slit width in the tubes every two layers. It is clear that the resonant frequency increases with the width of narrow slit as shown in Fig. 1͑b͒ . Moreover, the resonant frequency range of slit 2 and 6 mm in width does not overlap each other. However, the resonant frequency range of slit 4 mm in width within the "band gap" overlaps that of the other width slits. Thus, based on the reciprocity of their band gaps, the resonant peaks within the band gap of multiwidth stop band system disappear. Moreover, inside the range of 3.4-5 kHz, the transmissions of some peaks are not equal to zero because of resonant frequency range of slit 4 mm in width overlapping that of the other slits in width. The property of the band gap system with multiwidth slits is exactly similar to the linear chirped apodizer. 13 In order to check the peaks within the band gap corresponding to its resonant frequency, the steel tubes of single- width slits are arranged to be a square array in an air background. In Fig. 2 , the theoretical and experimental transmissions consisting of single-width slit tubes, which correspond to the incident angles, show that there are two complete stop bands ͑from 2.8 to 4.5 kHz and from 4.8 to 7.5 kHz͒. With the increase in the incident angle , the picks ͑from 4.5 to 4.8 kHz͒ within the "stop band" slowly disappear because the cavity resonating of the slit tube becomes weak. In analogy to circular tube, as the slit of tube is perpendicular to the incident wave ͑ = / 2͒, the inner cavity cannot be taken as a resonator in this condition based on the diffraction of the wave and the resonance being not excited. Therefore, the picks heavily depend on the slit tube and its positions correspond to the resonating frequencies.
To verify the fact that the picks are excited by the couple between the acoustic wave and cavities in the band structure, the picks within the stop bands for 3 ϫ 2, 3 ϫ 3, and 3 ϫ 4 square array steel tubes in Fig. 3͑a͒ and the acoustic modal of 3 ϫ 3 slit tubes in Figs. 3͑b͒ and 3͑d͒ are shown. Pressure distribution shows the resonance in the multicavities. Moreover, the velocity ͑see Fig. 3͒ of the fluid ͑air͒ particle shows the propagating direction of wave, which displays the fluid motion excited by the sound wave at resonant frequency. Note that in the acoustic modal analysis, the real part of complex frequency stands for realistic frequency and the imaginary one for its phase. The pressure distributions of the picks are plotted in Figs. 3͑c͒ and 3͑e͒. For the band structure of 3 ϫ 3 square array, frequencies at the picks in transmission are 4501 and 4801 Hz, respectively. Furthermore, it is found that the eigenfrequencies are 4512 and 4832 Hz, respectively, by means of acoustic modal analysis. This shows that the frequencies of third and fourth order modals should be the frequencies at the picks in its transmission. Thus, it is concluded that the picks result from the resonance of cavities in the band structure, which is composed of multicavities that include inner cavities and external cavities consisted of the slit circular tubes.
To summarize, we present a stop band system in which there is a large, continuous band gap and lower starting frequency. Due to the effect of the narrow slits in each half of the tube, the scatterer in the band gap system is analogous to the multicavity resonance. The band gap system with multiwidth slits depends on slit parameters ͑slit number, slit width, slit thickness, etc.͒ and its arrangement. This case is similar to a linear chirped apodizer that is characteristic of filtering. Thus, a method is presented to change the band gap without changing the lattice constant, mass density, and wave velocity due to multicavity resonance.
